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Magnetic properties of Fe clusters (diameters: 2–10 nm), encapsulated by thin amorphous carbon layer and adhering
to single-wall carbon nanotubes, have been studied. The electron diffraction pattern and magnetic measurement results
indicate that the carbon layer encapsulation protects the Fe clusters from surface oxidization. The Fe cluster assembly
shows a broad characteristic peak at about TB ¼ 260K on the zero-field cooling thermomagnetic curve and has a small
coercivity value (45Oe) at room temperature, although the Fe cluster sizes are much smaller than those of a
superferromagnetic cluster system without cluster–cluster interactions. These behaviors can be attributed to the large
surface anisotropy effects of the small clusters, the wide cluster size distribution and the magnetic interactions between
the Fe clusters.
r 2004 Elsevier B.V. All rights reserved.
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Recently, there has been a growing interest in
obtaining various nanostructured materials by
using different preparation methods and under-
standing their novel physical properties, being
significantly different from those for the corre-- see front matter r 2004 Elsevier B.V. All rights reserve
/j.jmmm.2004.10.106
onding author. Tel.:+81 527 355309;
7 355258.
ddress: pengdl@mse.nitech.ac.jp (D.L. Peng).sponding bulk counterparts [1–3]. Many kinds of
metal nanoparticles or nanoclusters have been
fabricated by various techniques including colloi-
dal chemistry [4,5], inert gas condensation [6–8],
laser deposition [9], mechanical attrition [10],
electrodeposition [11], and phase separation
[12,13]. They are usually oxide-coated [14–18],
because it is difficult to prevent metallic magnetic
nanoparticles from oxidization at conventional
experimental conditions as well as after exposing
the sample to the ambient atmosphere. Severald.
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and composite deposition [23], have been devel-
oped to protect the metallic particles.
Recently, magnetic properties of Fe nanowires
filled in carbon nanotubes [24] and large Fe
nanoparticles (about 70 nm in diameter) trapped
at the tips of the aligned carbon nanotubes [25]
have been investigated. In this paper, we report the
magnetic properties of Fe clusters (2–10 nm)
adhering to single-wall carbon nanotubes
(SWNTs) and discuss structural characteristics of
the obtained Fe clusters and the effect of carbon
layer encapsulation on preventing Fe clusters from
surface oxidization.
The SWNTs were produced by DC arc dis-
charge evaporation of a carbon electrode contain-
ing Fe catalyst in H2–Ar mixture gas. The details
of preparation procedures have been described
elsewhere [26]. Briefly, two electrodes were in-
stalled vertically: the lower carbon electrode
(anode: 6mm in diameter, 75mm in length)
containing 1 at% Fe catalyst was fixed at the
center of a vacuum chamber; the upper, pure
carbon electrode (cathode: 10mm in diameter,
100mm in length) was adjustable to maintain a
constant gap of about 2mm between two electro-
des. A DC arc discharge was generated byFig. 1. SEM imageapplying a current of 50A in 40%H2–60%Ar
mixture gas at 200Torr. A typical synthesis period
was about 3min.
The microstructure of SWNTs and the size of Fe
clusters were studied using transmission electron
microscopy (TEM) and scanning electron micro-
scopy (SEM). The samples were exposed in air for
transportation and observed with a Hitachi HF-
2000 TEM operating at 200 kV. Magnetic mea-
surement was performed using a superconducting
quantum interference device magnetometer be-
tween 5 and 300K with the maximum field of
50 kOe.
Fig. 1 shows low- (left) and high- (right)
magnification SEM images of the sample. These
images indicate that the SWNTs have a near-
random orientation distribution. Figs. 2a, b, and c
show bright-field TEM images of the SWNTs and
Fe clusters taken at different sites of the sample.
Long bundles of the SWNTs with various dia-
meters of 10–40 nm can be seen in abundance, and
Fe clusters adhering to the surface of SWNTs can
be observed clearly as dark dots and are nearly
spherical with diameters of 2–10 nm. Moreover,
the high-resolution TEM images displayed that
these Fe clusters were encapsulated by thin
amorphous carbon layer or by only one layer ofs of SWNTs.
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Fig. 2. (a–c) Bright-field TEM images, and (d) an electron diffraction pattern of SWNTs and Fe clusters adhering to SWNTs.
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an electron diffraction pattern of the SWNTs and
Fe clusters. The clear diffraction rings indicated by
the arrows can be indexed as {1 1 0} and {2 1 1} of
a body-centered-cubic (BCC) Fe phase. No
evidence indicates the presence of Fe-oxide phases
which are usually observed in Fe nanoparticle
assemblies due to their surface oxidization
[15–16,18].
Fig. 3 shows the zero-field-cooled (ZFC) and
field-cooled (FC) magnetization as a function of
temperature (T) from 350 to 5K at applied fields
H ¼ 0:1; 5, and 20 kOe for the Fe clusters adhering
to SWNTs. For the ZFC measurement, the sample
was cooled in the absence of an external magnetic
field from T ¼ 350 to 5K. Then H ( ¼ 0.1, 5, or
20 kOe) was applied and the magnetization was
measured with increasing temperature. For the FCmeasurement, the sample was cooled in the
presence of H ¼ 0:1; 5, or 20 kOe from T ¼
350 to 5K; and then the magnetization was mea-
sured with increasing T at the same magnetic
fields. As seen from Fig. 3, a distinct magnetic
cooling effect is observed at low fields (H ¼ 0:1
and 5 kOe), while the ZFC and FC magnetizations
begin to coincide completely with each other at
high field (H ¼ 20 kOe). It is worth mentioning
that in the case of H ¼ 0:1 kOe; although the FC
curve shows a monotonic decrease with increasing
T, the ZFC curve rapidly increases from 5 to 100K
and then reveals a broad peak at about TB ¼
260K: The peak in the ZFC magnetization curve is
generally associated with the mean superparamag-
netic blocking temperature (TB). Such a broad
range of blocking temperatures is consistent
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Fig. 3. ZFC and FC magnetization as a function of tempera-
ture from 350 to 5K for Fe clusters adhering to SWNTs. The
measuring field and the cooling field are as follows: H ¼ 0:1; 5
and 20 kOe.
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proposed by Néel [27] shows that Hc approaches
zero for very small particles because thermal
fluctuations can prevent the existence of a stable
magnetization. A blocking temperature, TB, can be
defined as
TB ¼ KV=25 kB; (1)
where K is the magnetic anisotropy constant, V the
volume of the ferromagnetic particle and kB the
Boltzmann constant. Using the K value of bulk
materials [28], simple estimation from TB ¼
KV=25 kB indicates that the superparamagnetic
state should appear at T ¼ 300K for BCC Fe
clusters with do16 nm: However, it is worth
noting that the present Fe cluster assembly with
d ¼ 2210 nm shows a small coercivity value of
Hc  45Oe at T ¼ 300K (see Fig. 4). This cluster
size is much smaller than the above-mentionedcritical size of the superparamagnetism for Fe
cluster system. Such an increase of TB is ascribed
to the large surface anisotropy effects of the small
Fe clusters [29–31] and the strong interactions
between magnetic nanoparticles which can lead to
ordering of the magnetic moments [32–34], thus
giving a small coercivity value even below super-
paramagnetic cluster size. Moreover, in the recent
Monte Carlo studies [35], it was found that the
dipolar interacting single-domain particle assem-
bly retains the ferromagnetic character at tem-
peratures much higher than TB. From their data,
an approximate increase of TB was estimated to be
twice that for a system with moderate interactions
(g/k1), where g is the dipolar interaction energy
and k is the anisotropy energy of a particle.
The magnetic hysteresis loops have been mea-
sured at different temperatures from 5 to 300K for
the Fe clusters encapsulated by thin amorphous
carbon layer and adhering to SWNTs. The
hystereses obtained at 5, 100 and 300K are given
in Fig. 4, which show the ferromagnetic behavior.
We also measured the hysteresis loops at 5K after
zero-field cooling and field cooling the samples
from 300 to 5K in a magnetic field, H, of 20 kOe.
The direction of H used to measure the loops was
parallel to that of the cooling field. The inset of
Fig. 4 shows the ZFC and FC loops of the Fe
clusters at 5K. The ZFC and FC loops coincide
completely with each other and no shift of the FC
loop related to the ZFC loop is detected. In Fe
nanoparticles [16] and clusters [18], on the other
hand, a shift of hysteresis loop induced by field
cooling has been observed, because it is difficult to
prevent Fe nanoparticles from surface oxidization
at conventional experimental conditions. Such a
loop shift can be ascribed to an exchange
interaction between the ferromagnetic Fe core
and the freezing layers of disordered surface spins
of the oxide shell crystallites [16–18]. In the present
Fe clusters, therefore, the feature of no shift
further indicates the effect of carbon layer
encapsulation on preventing Fe clusters from
surface oxidization.
Fig. 5 shows the temperature dependence of the
coercivity, Hc, and ratio of Mr/Ms extracted
from the hysteresis loops, where Mr and Ms
are the remanent and saturation magnetization,
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Fig. 4. Hysteresis loops measured at 5, 100, and 300K for Fe clusters adhering to SWNTs. The inset shows hysteresis loops of the
zero-field-cooled (ZFC) and field-cooled (FC) specimen.







































Fig. 5. Temperature dependence of the coercivity, Hc, and ratio of Mr/Ms for Fe clusters adhering to SWNTs. The inset shows the Hc
values as a function of T1/2.
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decrease monotonically with increasing T, as
expected for fine particle systems [36]. For a
noninteracting cluster assembly with a uniaxial
anisotropy and randomly distributed easy axes,
the ratio of Mr/Ms is known to be 0.5 at a
temperature well below TB. According to the
recent Monte Carlo studies [35], however, when
the dipolar interactions are switched on, the
remanence is substantially reduced relative to the
noninteracting case at temperatures much lower
than TB and the Mr/Ms values are about 0.3–0.35,
which are consistent with our measurement results.
Therefore, for the present Fe clusters, the behavior
that theMr/Ms values are much lower than 0.5 at
low temperatures can be ascribed to the dipolar
interactions. On the other hand, considering the
assembly of noninteracting single-domain particles
with uniaxial anisotropy, the coercivity in the
temperature range from 0 to TB, i.e., when all the
particles remain blocked, follows the well-known
relation [37,38]:






where HK ¼ 2K=Ms and a ¼ 1 if the particle easy
axes are aligned or a ¼ 0:48 if randomly oriented.
From Eq. (2), Hc=HK ¼ 1 and 0.48 at T ¼ 0K for
aligned and randomly oriented cases, respectively.
For the present a-Fe cluster system, we obtained
from Eq. (2) that the HcðT ¼ 5KÞ=HK value is
about 0.98 at T ¼ 5K using the reported values of
K ¼ 5 105 erg=cm3 and Ms ¼ 1721 emu=cm3 for
the bulk Fe [28]. Clearly, this value is much larger
than that (0.48) for the randomly oriented cluster
assembly. There are two reasonable explanations
for such a large Hc/HK estimated value at low
temperatures. In the estimation, we first used the
value of K of the bulk Fe, while for the present Fe
cluster assembly with very small cluster sizes there
is the surface anisotropy effect which enhances the
magnetic anisotropy constant of the ferromagnetic
clusters [29–31]. Thus, the real value of K (or HK)
should be larger than those of the bulk Fe.
Secondly, it may occur that the Fe clusters
adhering to single-wall carbon nanotubes are
arranged in a quasi-one-dimensional manner,(namely, not completely in a random arrange-
ment). We also tried to further discuss the
temperature dependence of Hc quantitatively for
the present Fe cluster assembly. From Eq. (2), Hc
of the system is expected to decrease with T1/2.
However, the inset of Fig. 5 clearly shows that the
Hc versus T
1/2 law is unsuitable for the present Fe
cluster assembly. This behavior is believed to
mainly result from the wide cluster size distribu-
tion in this system, since the nonuniformity of the
cluster size yields a corresponding distribution of
TB and causes a temperature dependence of the
coexistence of blocked and superparamagnetic
particles [39,40]. In addition, as mentioned in the
aforementioned discussion on the Mr/Ms measure-
ment result, the intercluster interactions are also
recognized to be an important factor affecting Hc
in the present Fe cluster assembly [35].
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